Auger recombination, quantized Auger rate, and intraband absorption of two-photon-excited carriers in colloidal CdSe quantum dots have been investigated systematically with femtosecond Z scans and transient absorption measurements. The Auger constant is revealed to be on the order of 10 −30 cm 6 s −1 , while the intraband absorption cross sections are found to be in the range of 10 −18 -10 −17 cm 2 . The authors' experimental evidence demonstrates that the Auger recombination or the intraband absorption takes place under the condition that the average electron-hole pair per quantum dot is in excess of the unity.
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Recently, fluorescent semiconductor nanocrystal quantum dots ͑QDs͒ have received tremendous attention due to their applications to two-photon microscopy. [1] [2] [3] [4] In such applications, radiative recombination of electron-hole ͑e-h͒ pairs, which follows two-photon absorption ͑TPA͒, are detected to form three-dimensional imaging, which has been reported to revolutionize bioimaging technology. A better understanding of two-photon excitation and relaxation processes therefore has important technological implication. In particular, studies should be carried out to gain insights into dynamical mechanisms which lead to a saturation in the overall efficiency of TPA-excited fluorescence ͑i.e., the ratio of the number of fluorescent photons to the total number of incoming photons͒. Such saturation has been observed. 4 Here, we report a systematic study on both Auger recombination and intraband absorption of TPA-excited carriers in colloidal CdSe QDs, which contribute to saturation of TPAexcited fluorescence at high laser intensities.
As illustrated in Fig. 1͑a͒ , the Auger process, in which an e-h pair is annihilated and another carrier ͑electron or hole͒ is excited to a higher energy level, may take place after a two-photon excitation. The Auger process is more efficient due to enhanced carrier-carrier interaction in the confined space of QDs in comparison with bulk materials. [5] [6] [7] Although Auger recombination of one-photon-excited carriers in colloidal QDs has been studied intensively, no report is available in the literature for the case of two-photon excitation. Our investigation shows that the Auger process by twophoton excitation is as efficient as by one-photon excitation. More significantly, initial fast relaxations to the lowest states within the bands imply that the so-called "phonon bottleneck" is bypassed, contradicting the prediction 8, 9 but consistent with observations by one-photon excitation, though the initial excited states involved are different between onephoton and two-photon excitations.
Furthermore, we also analyze the intraband absorption of TPA-excited carriers in colloidal QDs. This process providing another channel for deteriorating the overall efficiency of TPA-excited fluorescence at high laser intensities. Though the intraband absorption of TPA-excited carriers has been investigated in bulk semiconductors, similar effects in colloidal QDs have been largely overlooked.
The QDs studied here are semiconductor nanocrystal CdSe QDs coated with a layer of glutathione ͑GSH͒. The synthesis of GSH-capped CdSe QDs was based on the reaction of cadmium chloride with sodium hydroselenide ͑NaHSe͒. The high-resolution transmission electron microscopy ͑HRTEM͒ image in Fig. 1͑b͒ shows both the dimension and crystalline structure of the QDs, which are 2.2 nm in diameter on average, with a standard deviation of 18% in the overall size of the QDs. The x-ray diffraction ͑XRD͒ data in 10,11 Based on the theoretical calculation reported in Ref. 11 , we find that our measured absorption spectrum can be fitted well by taking into consideration several excitonic transitions with Gaussian broadening which correspond to the size dispersion mentioned above. The lowest excitonic transition is at 2.45 eV for CdSe QDs of 2.2 nm diameter, consistent with the experimental finding of Ref. 12 . A blueshift of 750 meV is found in comparison with the band-gap energy of CdSe bulk crystal. The PL spectrum shows that the band-edge emission is centered at 2.36 eV with a full width at half maximum of ϳ200 meV.
TPA-excited carrier dynamics in the CdSe QD solution in 1-mm-thick quartz cuvette were investigated with 120 fs laser pulses. The wavelength tunable laser pulses were generated by an optical parametric amplifier ͑Quantronix, TOPS͒, which was pumped by a Ti:sapphire regenerative amplifier ͑Quantronix, Titan͒ at 1 kHz repetition rate. In our transient absorption measurements, a cross-polarized, pumpprobe configuration was utilized. With the cross-polarized configuration, any "coherent artifact" on the transient absorption was eliminated. With 120 fs pulse duration and low pulse repetition rate ͑1 kHz͒, nonlinear absorption resulting from laser heating was found to be insignificant.
The pump-probe measurements in Fig. 2͑a͒ demonstrate that the effect of TPA-excited carriers is negligible at low pump intensities ͑ഛ30 GW cm −2 ͒. Hence, the magnitude of TPA can be determined unambiguously from such Z scans. With the standard Z-scan theory for pure TPA, 13 we extract the TPA coefficient of the CdSe QD solution from the best fit between the theoretical simulation and the Z scans. From the TPA coefficient, which is denoted as ␤, we infer the TPA cross section by 2PA = ␤ប / N, where N is the number of QDs per cubic centimeter and ប is the photon energy. We plot 2PA as a function of ប / E g in Fig. 3, showing that 2PA are in the range of 3 ϫ 10 −47 -2ϫ 10 −46 cm 4 s/photon with an overall increase as the photon energy increases. The 2PA cross sections of CdSe QDs measured here are comparable to those of ZnS QDs, 14 and are an order of magnitude greater than those of CdS QDs. 15 With two-photon-excitation PL spectroscopy, Larson et al. 4 determined the action cross sections f 2PA to be on the order of 10 −47 cm 4 s/photon for colloidal CdSe QDs. If the fluorescence quantum efficiency f is taken to be 40%, their TPA cross sections are in agreement with our findings. Theoretical works have been attempted for calculating the TPA cross sections of CdSe QDs. 16, 17 The measured TPA spectrum in Fig. 3 approaches the theoretical values of Fedorov et al. 17 but the amplitude is five times smaller than the ones predicted by Schmidt et al. 16 It should be emphasized that there is no ambiguity in our measurements, different from previously reported data 4, 15 which rely on ambiguous values of the fluorescence quantum efficiency.
With the accurate determination of the TPA coefficient discussed above, we can now precisely calculate the e-h pairs per QD. TPA-excited carrier density, N e-h , is given by
where eff is the effective lifetime for TPA-excited carriers. eff is much longer than the pulse duration, and the second item at the right side can be ignored. The density of TPAexcited carriers is given below with the assumption that the temporal and spatial profiles of laser pulse are Gaussian functions,
where G is the half-width at 1 / e maximum for the pulse duration. I 0 is the on-axis intensity at the focus point of the Gaussian beam. With Eq. ͑2͒ we can accurately evaluate the average e-h pairs per QD, ͗N 0 ͘ = N e-h / N, for a given pump intensity.
The effects of TPA-excited carriers in the CdSe QDs manifest themselves at pump intensities in excess of 50 GW cm −2 ͑͗N 0 ͘ = 0.5͒. As illustrated in Fig. 2͑a͒ , it is evident that at 100 GW cm −2 , a long tail appears in the transient signal, which is attributed to the presence of a significant 
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density of TPA-excited carriers. To study more details, the inset of Fig. 2͑a͒ displays the relaxation part of the transient absorption signal at different pump intensities. The relaxation process may be described quantitatively by using a three-exponential fitting: A 0 e −t/ 0 + A 1 e −t/ 1 + A 2 e −t/ A , where the fastest component, 0 , about 0.13 ps, is found to be independent of the pump intensity and is interpreted as the autocorrelation between the pump and probe pulses. 18 The slowest component, 1 , on the nanosecond scale is attributed to radiative, band-to-band recombination. 19 Note that the third time component A is extremely sensitive to the pump intensity or the average e-h pairs in the QD. As shown in In addition to the quantized Auger process, the intraband absorption of TPA-excited carriers is also observable by using Z scans in the regime of high laser intensities. After two-photon excitation, excited carriers relax quickly to the lowest energy state within the conduction ͑or valence͒ band in subpicosecond time scale due to the enhanced electronhole energy transfer. 21 At the same time, the two photon excited carriers may also make transitions instantaneously to higher energy states by absorbing another incoming photon. In this case, the reduction in the laser intensity I is given by
where ␣ 0 is the linear absorption coefficient and ␣ is the intraband absorption cross section of TPA-excited carriers.
Since N e-h is proportional to the square of the laser intensity, we derive an effective TPA coefficient, which comprises two parts: ␤ eff = ␤ + ⌬␤ and ⌬␤, linearly dependent on the laser intensity. Indeed, our Z scans at high intensities in the inset of Fig. 4͑a͒ permit us to extract the ␤ eff values, and then the plot of ␤ eff vs I 0 confirms the linear dependence, as illustrated in Fig. 4͑a͒ . When ͗N 0 ͘ Ͻ 1, the intraband absorption is insignificant, and thus ␤ eff is the intrinsic value for the TPA coefficient. By utilizing the Z-scan theory 13 with both Eqs. ͑1͒ and ͑3͒, we simulate the Z-scan data measured at high intensities with ␣ being treated as one free parameter. The best fits allow us to unambiguously determine ␣ to be ϳ10 −17 cm 2 at 780 nm. Similar analytical procedures have been applied to the Z scans measured at wavelengths ranging from 680 to 760 nm. ␣ is shown to increase with wavelength in general in this wavelength range. The wavelength dependence of ␣ is displayed in Fig. 4͑b͒ , indicating that the intraband absorption is in qualitative agreement with Drude's model which predicts ␣ ͑͒ ϰ 2 . Auger processes or surface state trappings occur in the time domain of a few picoseconds or longer. In our Z-scan experiments, we measured the intraband absorption within 120 fs. Hence, Auger processes or surface state trappings have little effect on our measurements.
